Abstract. Detecting thermal anomalies prior to strong earthquakes is a key in understanding and forecasting earthquake activities because of its recognition of thermal radiation-related phenomena in seismic preparation phases. Data from satellite observations serve as a powerful tool in monitoring earthquake preparation areas at a global scale and in a nearly real-time 10 manner. Over the past several decades, many new different data sources have been utilized in this field, and progressive anomaly detection approaches have been developed. This paper dedicatedly reviews the progress and development of preseismic thermal anomaly detection technology in this decade. First, precursor parameters, including parameters from the top of the atmosphere, in the atmosphere, and on the Earth's surface, are discussed. Second, different anomaly detection methods, which are used to extract thermal anomalous signals that probably indicate future seismic events, are presented. Finally, certain 15 critical problems with the current research are highlighted, and new developing trends and perspectives for future work are discussed. The development of Earth observation satellites and anomaly detection algorithms can enrich available information sources, provide advanced tools for multilevel earthquake monitoring and improve short-and medium-term forecasting, which should play a large and growing role in pre-seismic thermal anomaly research.
be related to the 2001 Gujarat earthquake (Okada et al., 2004) . Although aerosols don't directly relate with the TIR radiation, 215 the charged aerosol particles play a role in the water vapor condensation and cloud formation over earthquake fracture areas.
A high aerosol concentration causes stronger electric field intensities and increased infrared emissions (Liperovsky et al., 2005) .
Therefore, indirect effects of aerosols on thermal anomalies cannot be ignored.
SLHF

SLHF (W/m
2 ) is the flux of the heat absorbed or released by the phase transition (i.e., condensation, evaporation, and melting) 220 of water from the Earth's surface to the atmosphere. SLHF is an important component of Earth's surface energy budget and is mainly affected by the atmospheric relative humidity, wind speed, surface temperature, and season. Traditionally, SLHF is measured through the Bowen ratio technique or by the eddy covariance, and can also be obtained from satellite products.
MODIS global evapotranspiration product (MOD16) has a spatial resolution of 1 km at eight-day, monthly, and annual intervals (Mu et al., 2011) . 225
Several studies have reported the abnormal increase of SLHF prior to earthquakes. The SLHF increased by approximately 50 W/m 2 peaking at 115 W/m 2 over 3-23 days before earthquakes in the Middle East (Mansouri Daneshvar et al., 2014) . SLHF can also be a possible precursor to coastal earthquakes because anomalous SLHF tends to be more intensive over sea surface than over land surface (Cervone et al., 2004; Cervone et al., 2006) . The analysis of coastal earthquakes shows that the SLHF increased abnormally a few days before earthquakes, which is the result of the increase in surface temperature in seismically 230 active areas . SLHF anomaly is significantly weaker on land surface than on sea surface due to obvious differences in air humidity, wind speed, and surface temperature between sea and land surfaces. However, Qin et al. (2014a) found that anomalous SLHF, which is indicated by the dashed circle in Fig. 6 ., occurred approximately 10 days before the inland Pu'er earthquake (23.8092°N,101.15°E) on 2 June, 2007. Conversely, the study of Zhang et al. (2013) indicates that no significant anomalous variation of SLHF exists prior to ten studied marine or coastal earthquakes, and that data accuracy and 235 parameter settings have an important effect on quantification of the correlation between SLHF anomaly and earthquake's occurrence.
SLHF anomaly prior to earthquakes is related to the underground fluid movement and the interaction among the underground, surface and atmosphere (Alvan et al., 2013) . Mansouri Daneshvar, et al. believed that water vapor responses to seismic preparation phases follow a seismic-triggered chain, which undergoes air ionization, SLHF enhancement, water vapor 240 condensation, and increased rainfall (Mansouri Daneshvar et al., 2014) . Several studies have proven that SLHF anomalies before earthquakes are linked with soil moisture (Cervone et al., 2004; Dey and Singh, 2003) . Meanwhile, air ionization in the lithosphere-atmosphere-ionosphere coupling (LAIC) model may be responsible for soil moisture and SLHF anomalies due to the increase of water condensation on newly formed ions Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-211 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 20 July 2017 c Author(s) 2017. CC BY 4.0 License.
Surface temperature 245
LST, also known as surface skin temperature, represents a remarkably thin surface layer of medium temperature state, which is affected by solar radiation, surface albedo, vegetation cover, soil moisture, etc. LST affects the energy exchange between the surface and boundary layers and determines the air temperature near the surface. Compared to TOA brightness temperature and OLR, LST can indicate the surface warming process better. MODIS LST data are currently the most extensively used products in the 1-km spatial resolution with an inversion accuracy of approximately 1 K (Wan, 2014) . 250
LST is suitable for the analysis of inter-monthly variations, which is beneficial to short-term earthquake monitoring. A 40-day time period is sufficient for anomaly monitoring (Bhardwaj et al., 2017) . The LST prior to earthquakes usually increased by at least 3-5 K Ouzounov and Freund, 2004; Tronin, 2006) . A 1-10 K rise of LST two weeks before the main shock of 2011 Tohoku-Oki earthquake was detected around the epicenter (Zoran, 2012) . Moreover, the study by (Bhardwaj et al., 2017) shows that snow cover levels prior to the 2015 Nepal earthquake noticeably declined and that snow 255 surface temperature is a highly sensitive precursor that presented 3-14 K temperature anomaly in 3-17 days prior to this earthquake. Most studies use nighttime LST data for analysis due to the absence of solar heating, leading to measurements that are predominantly gathered from surface and underground thermal sources. However, daytime LST data can also show significant thermal anomalies (Blackett et al., 2011; Panda et al., 2007; Saraf et al., 2008) .
The thermal anomalies in epicentral areas before strong earthquakes are related to the increase in air temperature, LST and 260 soil temperature at shallow layers. LST anomaly indicated by MODIS data was consistent with anomalous air temperature variations observed at the meteorological station close to the epicenter (Akhoondzadeh, 2013) . The anomalous temperature variations are related to the seismic deformation and follow the fault evolution under seismic stress changes (Ma et al., 2008) .
Thus, LST is more useful in detecting thermal anomalies than TOA brightness temperature or OLR because it is less affected by the atmosphere, which allows it to produce a higher signal-to-noise ratio (SNR) (Aliano et al., 2008; Lisi et al., 2015) . Fig.  265 7 shows the spatial and temporal evolution of the sequence of LST anomalies by different colored dashed circles (Lisi et al., 2015) . The green dashed circle indicates the possible local warming effect caused by clouds. The LST anomalies which followed the main tectonic lineaments (green lines) in Central Italy (black circle), the Balkan region (blue circle) and the Padania plain (purple circle) were possibly associated with the medium-strong earthquakes. Meanwhile, LST, as a thermodynamic parameter of dynamic equilibrium, derived by remote sensing data contains a degree of uncertainty due to the 270 influence of surface types, surface energy balance process and atmospheric turbulence.
Several cases of marine earthquake monitoring using remote sensing TIR data have been successful. Sea surface temperature (SST) anomaly can be related to seismicity (Ouzounov and Freund, 2004) , but SST is strongly influenced by weather conditions and currents. Seawater has a large thermal inertia that allows its temperature to change more slowly, therefore the mechanism of LST anomalies is not applicable to SST anomalies. The study of the 2000 Blanco earthquake sequence shows 275
Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-211 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Boumerdes earthquake and implied that this phenomenon was attributed to the upwelling of cold water from the deep ocean caused by crustal deformation .
Anomaly detection methods 280
Thermal anomaly can generally be defined as the departure of a current observation value from the long-term average reference (Ouzounov et al., 2007) ; it is used to relate seismicity with temporal and spatial variations of thermal radiation signals from satellite observations. Different data processing methods have been proposed in this domain over the past years. These methods aim to detect pre-seismic thermal anomalies, attempt to point out possible future strong earthquake in terms of time, spatial, and magnitude windows within stated limits, and estimate the probability of this earthquake's occurrence. Fig. 8 presents the 285 methods that are classified and discussed below.
Visual interpretation
Visual interpretation method is a type of manual analysis method that interprets the relationship between an earthquake and the relevant parameters through a time series of visible and near-infrared or TIR data before and after the target earthquake.
The observed quantity, such as surface temperature, is measured in considerably greater amounts prior to the earthquake around 290 epicenter areas compared to other time period and neighboring regions. The method is simple and effective; thus, it is always used in interpreting preliminary pre-seismic anomalies. Several studies have utilized this method, such as in the aerosol anomaly (Qin et al., 2014b), SHLF anomaly (Dey and Singh, 2003) , anomalies of multiple parameters Singh et al., 2010a) , and thermal anomalies in AVHRR and MODIS brightness temperature (Saraf et al., 2012) .
Visual interpretation is mainly based on experience interpretation, which results in strong subjectivity and does not allow 295 current computer technology to deal with massive amounts of satellite data. From Fig. 9 , we can distinguish the LST anomalies around the epicenter, but this difference is subtle causing the randomicity during thermal anomaly recognition. In addition, visually identifying abnormal information can be difficult and calls for further processing, such as the use of pseudo-color synthesis, difference method, and fault profile line method. At the same time, increasingly sophisticated anomaly detection algorithms have been applied to extract signals about pre-seismic thermal anomalies with increases in data source and amount 300 and the quantitative requirement of further research.
Image difference methods
The simple image difference method involves identifying the differences in the same region over a series of images captured at different times for qualitative analysis. If the difference exceeds the pre-defined threshold, then the observed precursor value Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-211 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 20 July 2017 c Author(s) 2017. CC BY 4.0 License.
could be regarded as a thermal anomaly that may be associated with an impending earthquake. This method eliminates the 305 influence of background signals and highlights the spatial distribution of thermal anomalies to a certain extent. For example, TIR images captured before and after earthquakes were used to calculate difference values that highlight thermal anomalies (Ma et al., 2008; Tronin et al., 2002) . The method that uses brightness temperature difference has a certain ability to identify cloud pixels, but cannot eliminate background influence. Therefore, temperature anomaly is introduced through normalizing the area-averaged LST by subtracting and dividing by multiyear mean LST (Zoran, 2012) . 310
The general anomaly method is to find the difference between current data during an earthquake and the long-term average value (also called a reference value) in order to improve result robustness and eliminate potential bias (Mahmood et al., 2017; Qin et al., 2014a; Wu et al., 2016) . This method can be expressed as
315 where v( , , ) is the value of a pixel at a spatial location ( , ) and time t of satellite data required, which can be TOA brightness temperature, OLR ,or LST; and ( , ) is the average value at the same position in the same or similar time slot of years using multiyear data. In other words, the anomaly is the difference between what is happening and what is expected over a long-term average trend. General anomaly method is an improvement of the image difference method ).
Given complex influences and possible uncertainties with respect to seasons, local weather, topography, and surface 320 inhomogeneity, the pre-seismic thermal anomaly is a weak signal in the strong background level. Thus, understanding variations of the background field and the variation trend of each influencing factor over time are the key to thermal anomaly detection. The establishment of regional reference field based on multiyear data is a basic procedure to identify pre-seismic thermal anomaly. Because reference field can express the trend of physical quantity in the spatiotemporal pattern and relieve random variability because of local meteorological factors. General anomaly method is used to eliminate this tendency change 325 of current observation, thereby highlighting thermal anomalies. The k times standard deviation (δ) is generally the reference level relative to the long-term normal field. Beyond ±kδ from the mean value of the reference field is regard as the anomaly.
A positive anomaly means that the value is higher than the normal trend (warming effects), whereas a negative anomaly indicates a lower value than the normal value (cooling effects).
The thermal anomaly is a weak signal under strong interference, thus isolating it by simple comparison or threshold is 330 difficult. This may also be an important reason that not all earthquakes exhibit significant pre-seismic thermal anomalies. The eddy field method is used to calculate and add the difference data between adjacent lattice points of the data to obtain the spatial distribution of the vorticity value (Ouzounov et al., 2007) . The formula is as follows: where EF( , ) is the eddy value at spatial location ( , ), and v is the observation value of a pixel. This method can highlight 335 anomalous changes in the neighborhood and is used for earthquake-related anomaly detection by NOAA OLR data (Ouzounov et al., 2007; Xiong et al., 2010) .
Furthermore, normalization by Z-score (ZS) is as an index of thermal anomaly, which hereafter is referred to as the ZS method . The ZS index is defined as follows:
340
where ( , ) is the standard deviation of this reference field. This method is similar to the robust satellite technique (RST) method, which introduces the concept of SNR. The difference between current and mean values of a reference field represents the signal part, and the standard deviation of a reference field is the noise part. A higher SNR indicates a greater possibility of thermal anomalies prior to an earthquake (Tramutoli et al., 2001) . 345
RST method
At present, RST, which is extensively used in thermal anomaly detection, is a multi-temporal statistical method for analyzing long-term satellite records with similar observation conditions (e.g., same month, same time of day, and same sensor data) (Genzano et al., 2015; Lisi et al., 2010; Pergola et al., 2010; Tramutoli et al., 2005) . RST combines the neighborhood difference in the eddy field method and the normalization of the reference field in the ZS method, and it clearly defines the mathematical 350 expression of the thermal anomaly in statistics. This method considers the statistical characteristics of the historical data of seismically active areas to discriminate the possible pre-seismic abnormal behavior of current thermal signals. It is also considered applicable to different atmosphere and surface conditions and different satellite observation geometries, and can reduce the probability of occurrence of false thermal anomalies (Filizzola et al., 2004; Pergola et al., 2010) .
The robust estimator of TIR anomalies (RETIRA) index is used to express the intensity of thermal anomalies in RST method, 355 as shown as follows:
Δ (x, y, t) = ( , , ) − ̅ ( ),
where ̅ (t) is the spatially average value in the homogeneous neighborhood; such that Δv(x, y, t) represents the difference between the value of a pixel in (x, y) and ambient homogeneous pixels; Δ (x, y) and Δ (x, y) are respectively the mean and 360 standard deviation in (x, y) of the reference field calculated from Δv(x, y, t) in the same or similar time slot from many years, which are referred to formulas (2) and (5). The RETIRA index is further used to indicate the relationship with future seismic activity. Generally, a value greater than 3 to 4 is used as the threshold for the presence of thermal anomalies that are associated with possible earthquake occurrences (Eleftheriou et al., 2016; Lisi et al., 2010; Lisi et al., 2015 If continuous and large-scale thermal anomalies appear from a time series of images within study areas, then they can be 365 considered pre-seismic thermal anomalies (Aliano et al., 2008) . Therefore, an index of significant sequences of thermal anomalies (SSTAs), which measures the persistence and continuity of thermal anomalies in temporal and spatial patterns, is defined to remove problematic values as far as possible (Genzano et al., 2015; Lisi et al., 2015) . SSTAs standards include the following: 1) relative strength: RETIRA index is greater than or equal to 3; 2) spatial persistence: the area of thermal anomalous pixels in the region of 1°×1° is larger than 150 km 2 ; 3) temporal continuity: the phenomenon of thermal anomalies occurs at 370 least once within 7 days before or after current time.
The purpose of SSTAs is similar to that of a deviation-time-space-thermal (DTS-T) anomaly recognition method proposed by Wu et al. (2012) , which is applied to analyses of several large earthquakes. The DTS-T method defines a normalized quantitative index to express the stability of thermal anomalies considering the significance of numerical differences, synchronization of time, and adjacency of geographical location. Both indices are intended to improve the stability of detected 375 thermal anomalies that are related with impending earthquakes as much as possible. In addition, geostationary satellite data are more advantageous than polar-orbiting satellite data in thermal anomaly detection (Aliano et al., 2008; Lisi et al., 2015) .
Because it has a higher temporal resolution and a fixed observation geometry, and thereby its data have a higher SNR in detecting seismically related thermal anomalies when using RST-based method. The principle of this algorithm is concise; however the impact of short-term meteorological warming is difficult to eliminate. Therefore, this method should be combined 380 with other data to identify the interpretation of anomaly detection results.
Methods based on wavelet transform
Wavelet analysis is one of the most popular seismic anomaly detection methods in recent years. Wavelet decomposition, wavelet packet, and power spectrum are used in determining the transformation and decomposition of TIR signals to extract useful feature signals for identifying pre-seismic thermal anomalies. Wavelet transform has the feature of multiresolution 385 analysis, which can characterize the local characteristics of the signal in time-frequency domain.
The influence factors of surface thermal radiation are complex and varied; therefore, influences of various field sources are difficult to separate. Furthermore, non-tectonic factors, such as landforms, land covers, and meteorology, always have greater effects on thermal radiation than tectonic movements or thermal radiation induced by earthquakes. The weak signal under strong interference is difficult to separate, resulting in unstable results of anomaly detection methods. Continuous TIR radiation 390 data can be considered to include the long-period components (e.g., the basic radiation field of the Earth, the inter-annual or seasonal radiation field, and terrain induced radiation field), the short-period components (e.g., diurnal radiation field, cloud and cold air flow in several hours to days, and thermal radiation components caused by tectonic movements or earthquakes), and the last residual factors (e.g., high-frequency noise components). Wavelet transform can decompose the time series signal The wavelet transform method is used to eliminate low-frequency annual and seasonal components and high-frequency random components, such as local meteorological conditions and human activities. The local maxima are then extracted from time series of MODIS LST data by a predefined threshold, which is sensitive to peak changes (Saradjian and Akhoondzadeh, 410 2011) . Another wavelet maxima method proposed by (Cervone et al., 2004 ) uses one-dimensional wavelet transform to identify the isolated local maxima. The maxima mostly associated with impending earthquakes are then refined based on the geometrical continuity from spatial and temporal constraints to remove wrong maxima lines due to significant noise in input data. Wavelet maxima method is further utilized to analyze the result of eddy field method (Xiong et al., 2010) .
Wavelet transform is based on the communication theory, thus its mathematical and physical foundation is complete, making 415 it a highly promising method. The time series physical quantities derived from remote sensing are taken as the input information via a series of filtering and other processing, and finally thermal anomalies are extracted. Wavelet transform can decompose the thermal radiation into mutually independent frequency components almost without loss of information. Each component has a different dominant factor, thereby making the physical meaning much clearer than other methods. However, the determination of high-and low-frequency signals in this method requires the geography-and geology-related knowledge 420 with a certain arbitrariness. Although this algorithm achieves a high degree of decomposition and analysis of TIR signals, its mechanism that relates with earthquake preparation must to be further improved. Moreover, wavelet transform requires continuous time series of input data, but missing values in TIR data always appear due to cloud cover. Thus, the interpolation of missing data is required, which bring in uncertainties with regard to real values.
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where M is the median value, k is a threshold value, IQR is the interquartile range between 75th and 25th percentiles, and V is the observed value. This formula can be reformed as
The interquartile method is analogous to the ZS method, in which the average value and standard deviation are substituted by the medium value and interquartile range, respectively.
A variety of machine learning methods have been used in thermal anomaly detection, which show great advantages in various fields in recent years and may have a considerable potential in this field. Autoregressive integrated moving average, artificial neural network (ANN), support vector machine, and adaptive network-based fuzzy inference system (ANFIS) have 465 been compared for detecting thermal and total electron content anomalies (Akhoondzadeh, 2013) . ANN model can handle well the noise in input data. ANFIS that integrates both ANN and fuzzy inference systems is more effective at modeling non-linear time series predictions than other methods. However, machine learning methods are always required to set certain empirical parameters, and appropriate selection of these parameters is a challenging task in phases of model training and prediction. The Kalman filter method is an iterative optimization system with high predictive power and is also used for detecting surface 470 temperature anomalies (Saradjian and Akhoondzadeh, 2011) . This approach takes advantage of predicting nonlinear times series data with non-normal distribution, such as the occurrence of thermal anomalies in LST data. These methods are more complex and have not been widely used in thermal anomaly detection as other above mentioned methods. The comparison among these methods with different independent properties should be conducted based on more earthquake cases in order to screen out more effective approaches. 475
Issues in thermal anomaly detection
Considerable research work has long been done on possible seismic precursors in an apparent relationship with pre-seismic complex tectonic activities. However, such studies are sometimes highly controversial, and the established correlation has been considered with caution. The warming phenomena often occur prior to various earthquake cases, whereas the features of these phenomena are often different. The interference of clouds is often highly serious, thereby resulting in faint and unstable 480 evolution patterns of warming areas, although certain cases show clear characteristics of thermal evolution. Even though many hypotheses have been used to explain the mechanism of pre-seismic thermal anomalies, the physical mechanisms that drive thermal anomalies remain unclear and are not widely accepted. Thus far, no objective, stable, and testable detection methods or precursors are available for pre-seismic thermal anomalies. Consequently, thermal anomaly detection has not become a well-recognized technology in the scientific community. At present, several problems remain in this domain, as detailed below. 485 1) Some important concerns of mentioned studies are the reasonable definition of "thermal anomaly" and quantitatively measuring its quantity. Given that different definitions are used for different methods, data sources, or even earthquake cases, one method based on one type of data source may get a good result for one earthquake, but it may be invalid when using these standards in other earthquakes or the prediction. The arbitrary definition confuses anomalous signals by earthquake events and impedes identifying abnormal thermal variations from complicated background signals. 490
2) Quantitatively validating results by anomaly detection methods is difficult partly because of the previous difficulty of the definition. Whether thermal anomalies detected in one earthquake case are general or incidental phenomena is often controversial. One of the general strategies is based on the validation and confutation method for verification (Genzano et al., 2015; Lisi et al., 2010; Lisi et al., 2015; Xiong et al., 2013) . In the validation phase, thermal anomalies associated with earthquakes should be found; however, no thermal anomalies should be confirmed in the confutation phase. Nevertheless, the 495 validation and confutation approach alone is not enough. Most research results are based on and limited to a handful of case studies. Therefore, obtaining convincing conclusion from statistical results is difficult when earthquake cases are insufficient in the statistics analysis (Pulinets and Dunajecka, 2007) .
3) Providing complete spatiotemporal data is difficult because of atmospheric interference, cloud cover, and instrument performance. Satellite remote sensing on polar-orbiting or geostationary platforms provides the most important data sources 500 at regional or global scales, which are beneficial for global seismic monitoring studies. Surface data products, such as LST, can be used in analyzing pre-seismic thermal anomalies to mitigate the atmospheric effect. However, the greatest weakness of TIR remote sensing is that it cannot penetrate clouds to obtain surface thermal radiation information. This weakness results in the existence of a large number of missing pixels in the data product, seriously affects thermal anomaly detection, hinders the understanding of spatiotemporal evolution of thermal anomalies in a broader time scale, and finally leads to many cases of 505 omission or false positive rates (Lisi et al., 2015) . Therefore, addressing the significant issue of cloud interference is critical in thermal anomaly detection. 4) Other factors, including the surface (e.g., topography, geomorphology, and land covers) and atmosphere (e.g., cloud, precipitation, and wind), also strongly influence the change of surface thermal radiation. Satellite thermal anomalies are vulnerable to local atmospheric conditions, such as the inversion of air temperature, thereby resulting in inaccuracies in 510 detecting earthquake anomalies. Thus, more attention should be given to the possibility that other causes other than seismic activities should be responsible for the extracted thermal anomalies. Especially, anthropogenic activities in factories and urban areas also have a significant effect on thermal anomaly detection (Piroddi and Ranieri, 2012) . Removing the normal Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-211 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 20 July 2017 c Author(s) 2017. CC BY 4.0 License.
fluctuations of thermal emission related to meteorological or artificial factors from the earthquake-imposed thermal anomalies is an urgent problem that must be solved. 515 5) Nowadays, the data with low spatial resolution have been successfully used in thermal anomaly detection, such as NOAA OLR data with 2.5° spatial resolution (Liebmann, 1996) . The spatial scale of OLR anomaly from 1°×1° NOAA data is approximately 1000-2000 km from epicenters (Xiong and Shen, 2017) , which is an unexpected result for the seismic activity monitoring. However, the use of satellite data with a high spatial resolution (e.g., 1 km) can provide richer and deeper information. This way, the spatial location of thermal anomaly can be better correlated with seismic activity areas, which is 520 more conducive in studying the characteristics of spatial thermal anomalies, rather than limited to single point or local areas.
For example, high-or low-temperature bands occur before rock bursts, and the main ruptures may occur along these band areas and result in thermal anomalies; however, data with coarse resolution are difficult to accurately capture such active tectonic positions. 6) Mechanism of pre-seismic thermal anomalies is inconclusive; thus, anomalous variations of such parameter can be or not 525 be related to preparatory phases of an imminent earthquake. This situation leads to unclear physical mechanism of detection algorithms and arbitrary explanations about results of thermal anomalies. These defects seriously restrict the application and popularization of this approach. Several mechanisms for generation of pre-seismic thermal anomalies detected by satellites have been proposed and are in discussion (Saraf et al., 2009; Tramutoli et al., 2013) . A unified LAIC model is proposed to explain this phenomenon Pulinets and Ouzounov, 2011). Wu, et al. added the coversphere to the 530 LAIC model after analyzing its importance in the understanding of mechanisms and geophysical processes in earthquake preparation areas (Wu et al., 2016) . However, further validation of these models is required from physical simulation experiences and synergetic measurements of multiparameter.
Future development and perspectives
Thus far, no single measurable geophysical variable and data analysis method illustrates considerable potential for a 535 sufficiently reliable and effective operational earthquake forecasting practice. Forecasting moderate and strong earthquakes in the future several months to days at the regional or global scale is of high social value, which is the advantage for satellite thermal monitoring. Based on the discussion in the preceding section, the following perspectives are expected: 1) Passive microwave remote sensing can obtain surface brightness temperature data under clouds, which is less affected by atmospheric conditions. Although passive microwave data generally have lower spatial resolution (10-50 km in the nadir view) 540 than that of TIR data (1-5 km), they remain sufficient for monitoring thermal anomalies at a global scale (Lisi et al., 2015) .
The fusion of TIR and passive microwave data is an important aspect for realizing the global observation of surface temperature (Duan et al., 2017; Wang et al., 2014) . The data fusion technique can take advantage of the high precision and spatial resolution Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-211 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. 2) No reliable precursors have been found; thus, joint application and analysis of multiple parameters could be a choice. The results of multiparameter anomaly detection are combined to form a more reliable collective result, which reduces false thermal anomalies and uncertainties and improves the stability and accuracy of earthquake prediction. At the same time, ground measurements, such as surface and air temperatures along the most populous and active faults can provide a better understanding and supplement the missing data of satellite imageries due to persistent cloud cover. Furthermore, other 550 geophysical data, such as underground temperature, geomagnetism, gravity, properties of groundwater, and gases, can be combined with satellite data from the local, regional to global scales. This integrated study from different levels of the space, aerial platform, terrestrial surface, and underground will promote pre-seismic monitoring research (Venkatanathan et al., 2017) .
3) A global-scale monitoring system based on a number of TIR data products, from polar-orbiting and geostationary satellites, can offer complete earthquake cases analysis that render a better solution for detecting and analyzing the signals 555 prior to major earthquakes. Furthermore, abundant satellite data, which are global long time series of continuous measurements, can support the sufficient long-term correlation research for various candidate precursors. Eleftheriou, et al. (Eleftheriou et al., 2016) analyzed M ≥ 4 earthquakes using OLR data in Greece for 10 years. Xiong and Shen (2017) also performed preliminary work on such global statistics of pre-seismic thermal anomalies. The statistical uncertainties can serve as a priori knowledge to determine weight coefficients of precursors in a multiparametric monitoring system. 560 4) In the near future, remote sensing data, which are applicable to seismic activity monitoring, will be further increased with higher spatial, temporal or spectral resolutions. Thus, emerging technologies can be integrated to improve the predictive efficacy. The ultrahigh spectral TIR data could be used to derive surface temperature, emissivity, atmospheric profiles of temperature and humidity, and concentrations of gas composition simultaneously. Applying these parameters in joint monitoring of seismic activity is a possible development direction. New satellite project, such as TwinSat, which integrates 565 multiple observation technologies and ground measurements, can improve the understanding of seismic-triggered LAIC mechanism (Chmyrev et al., 2013) . 5) Several methods can be synthetically applied to improve the efficacy of thermal anomaly detection. Because utilizing only a single approach to identify the pre-earthquake anomaly is not statistically robust (Bhardwaj et al., 2017) . And integrating multiple methods has shown good potentialities in improving the capability of detecting actual thermal anomalies. Given that 570 qualitative analysis is subjectively influenced, developing quantitative anomaly detection method is a promising direction, which is also beneficial in realizing the comprehensive application of various methods. (Akhoondzadeh, 2013; Saradjian and Akhoondzadeh, 2011) . For example, probability models that can integrate multiple methods or even various precursor variables may provide a more credible prediction with quantitative statistical uncertainties, other than the qualitative voting selection. Ms8.0 Wenchuan earthquake (Zhang et al., 2010) . 840 Figure 11 . Time series of four seismic precursor parameters at the epicentral pixel from March to April 2009: volumetric soil moisture level 1 (a), soil temperature level 1 (b), precipitable water of the entire atmosphere column (c), and nearsurface air temperature at a height of 2-meter (d) (Wu et al., 2016 
